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STUDY OF THE FUNDAMENTAL VIBRATION OF THE ARTERIAL PULSE WAVE /133

Jiro Sato#*

The cause of the fundamental vibration of the arterial
pulse wave was studied on the arterial pressure pulse of
aorta and femoral artery in dogs and rabbits. The corre-

lation between the following factors was investigated.
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(The meaning of the notation is explained in Fig.l.) It

is observed that the wavelength of this fundamental vibra-
tion changes with the pattern of ejection and the dynamical
state of the vascular system. It is concluded that this vi-
bration mainly originates from the ejection of blood from

left ventricle to arterial system.

In general, in man as in the monkey, dog, cat, rabbit, and other animals,
the so-called central arterial wave is unremarkable in regions near the main
part of the aorta, although a distinct arterial vibration wave form is noted in
the great peripheral arteries, such as the femoral and radial arteries. This
is what is termed the fundamental vibration, and there has long been discussion
of many kinds, proceeding from dynamic viewpoints, about the causes of this vi-

bration. The most convincing explanation is that it is an intravascular vibra-~
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i3 Numbers in the margin indicate pagination in the original foreign text.
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tion due to the sudden surge of blood that accompanies the closing of the semi-i
: !
lunar valves, and on this basis much study has been devoted to the relationshipl
between the wavelength of this vibration and the length of the bloodvessel in f

which it occurs (Bibl.3, 6, &, 9, 10, 11, 14, 21, 22, 23). ,
| Since this type of fundamental vibration is considered to be a vibration g
iin an elastic tube, it is hardly necessary to say that its period and damping
'conditions are subject to the influence of the various dynamic properties of
the circulatory system, such as the elasticity of the vascular walls, the dia- .
meter of the lumen, the state of branching, the viscosity of the blood, and the
‘like. As Hatakeyama (Bibl.11) has argued, the dynamic constitution of the
circulatory system is unusually complex, so that the simple calculation of the
:wavelength and similar quantities, regarding the vibration as taking place in
an open or closed tube, without further refinements, involves the danger of
.serious errors.

This makes it necessary, first of all, to assume some relationship between
;the various indices of the properties of the circulatory system and the various
-elements of the fundamental vibration, based on a simple dynamic model, and
;then to inquire whether or not this relationship agrees with the phenomena actu-~
ially observed. If the explanation of the second peak accompanying closure of
the semilunar valves [Wiggers (Bibl.2,)] is to be considered tenable, then
;there must be a close relationship between the time of the second peak of the
vibration and that of the closure of these valves. Moreover, if, in addition
to dynamic conditions of this kind, the biological vascular reactions and simi-
‘lar factors also make a substantial contribution [Wehn (Bibl1.20)], then the
‘various above-mentioned dynamic conditions must of necessity be totally unable

to give a complete explanation. There have as yet, however, not been many re-



fported studies of the relationships between the fundamental vibration and the

various dynamic factors from this point of view. I have therefore made reliable

1

O

measurement of the dynamic quantities in animal experiments and have thus eluci%

.dated the essential nature of the fundamental vibration.

i
i
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oy I. EXFERIMENTAL METHOD

The experimental animals used were dogs and rabbits. The dogs were anes-
| thetized with about 0.3 mg/kg of pentobarbital sodium, and the rabbits with
. iabout 1 gm/kg of urethane. The blood pressure of the central region of the
| Zaorta was measured through the left carotid artery, considered representative
. ;of the blood pressure in the central arteries. The peripheral arterial blood
'pressure was measured in the dogs through the A. profundus femoris, while in
the rabbits it was measured directly, after section of the femoral artery in
the lower part of the thigh. Although this interruption of the arterial blood
‘flow, for instance in the carotid artery, and, in the rabbits, in the femoral
artery, resulted in certain deviations of the measured arterial blood pres- /134
sure from that under normal circulatory conditions, no questions related to the
‘object of this work arose so long as the constant dynamic conditions were main-
;tained. The pressure was measured by an electrical method through a high-
;stability high-compliance capacitance manometer with a low-compliance cannula
system.

The animals were treated as follows:

1) Administration of adrenaline

A 1:10,000 solution was intravenously injected at the rate of about 1 cc
in 10 sec. The rabbits received 1 cc and the dogs 4 cc. Immediately after

completion of the injection, and thereafter at 10 sec intervals for 1 min,

W



:seven measurements were made and recorded.

2) Administration of aceivlcholine :
The same procedure as in 1) was followed. |

3) Section of the vagus nerve

Two measurements were made 1 min and 1 min 30 sec after section, separate-

i

:ly for right and left.

t

L) Stimulation of central end of vagus nerve

Using an electron tube stimulator with a square wave of 2 msec pulse width,

stimuli of the following frequency and intensity were applied for 20 sec:

Frequency Intensity
Rabbits: 10 cps 2 v
100 cps 20 v
100 cps 30 v
Dogs: 10 .cps 20 v
50 cps 20 v
200 cps 20 v

Measurements were made and recorded at O, 10, and 20 sec after the begin-
‘ning of the stimulation and 10 sec after its end.

5) Stimulation of peripheral end of vagus nerve

Stimulation was applied under the following conditions using the same

‘wave form as above.

Frequency Intensity
Rabbits: 10 eps 5v
20 cps 5v
10 cps 2 v
Dogs: 30 cps 5v
30 cps 6 v
30 cps 10 v

Measurements were made and recorded O, 5, 7, 10, and 20 sec after the be-

ginning of stimulation.



6) Section of n. depressor cordis

Measurements were made and recorded 1 min after bilateral section.

7) Stimulation of n. depressor cordis

Stimulation was applied under the following conditions, using the same

wave form as above.

Frequency Intensity
10 cps 10 v
10 cps 20 v
10 cps 30 v

Measurements were made and recorded 5, 7, 10, 15, and 20 sec after the
beginning of stimulation.

8) Tension on lower limb

The left thigh was pulled by a cord for 30 sec, and measurements were made
and recorded 15 and 30 sec after beginning of the tension.
9) Asphyxia
After insertion of a tracheal cannula into the trachea, its orifice was
closed for 20 or 30 sec, and measurements were made and recorded 15 and 30 sec
after the beginning of such closure.

10) Bloodletting

The time required for the blood pressure to fall to zero, after withdrawing
5, 10, 15, 20, or 30 cc of blood, was recorded.

The blood pressure of the same animal, untreated, was also measured several
times. It was not a primary object of the present study to investigate how the
dynamic conditions vary after such treatments. Our object was rather to investi-
gate how the condition of the circulatory system changes and to study the dy-
namic laws that should be established. In view of this object, therefore, from

the recorded blood-pressure curves of the two arteries in question we first of



all measured the following quantities:

A. Aortal Blood-Pressure Curve

1. Systolic pressure..........c.....oo...... Py
2. Diastolic pressure. ... ...c............... P
3. Systolic period.........c.occcmieeeneenn. S
L. Diastolic period...........ccceeiin...... D
5. Period of arterial wave................ T

B. Femoral Artery Blood-Pressure Curve

6. Systolic pressure............c.cc....... F,
7. Diastolic pressure.......................Ph
8. First amplitude of funda-

mental vibration.........cc..ooo.o.o.... P
9. Second amplitude of funda-

mental vibration.......................... P2

[With reference to Frank (Bibl.8, G), as shown by Fig.lb, the amplitude of /135
the blood pressure is measured from the crest of the fundamental vibration to
its trough; P, is the height of the first peak, and P, that of the second.]

10. Period of fundamental vibration..T'

11. Time during which peak 1
of the fundamental vibra-

tion persists. ... i, g'
C. Other Directly Measured Elements
12. Arterial pulse-wave propaga-
tion time. .. .ol At

(The time lag between the aortic pressure wave and the femoral artery pressure
wave was measured at pulse heights 1/5 of their amplitudes.)

13, Cross sectional area of
primitive aorta_ .. .. .....

1, . Anatomic length of aorta............. L



15. Aortic transmission distance
(pulse conduction length)............... 4

(If L2 is the distance from the site of insertion of the cannula in the carotid
artery to the point at which this artery branches from the aorta, and L; is the
distance from this branching point of the carotid artery to the point of inser-
tion of the cannula in the femoral artery, then < =1; - Ig.)

D. Elements Used in Calculations

16. Arterial pulse wave velocity......... C =41/t
17. Fundamental wavelength................. A =T
18. Mean blood pressure......................Pa

(Although the exact mean blood pressure would have to be expressed by Pa=

- _gPdt » since the mean blood pressure P, is expressed as a function P(t) of

T

P + P
the time t, we have here taken approximately P = i)
8

19. Cardiac output.... ... ... ........V,

0.5 QIS (P - Py)

Ve = DpC

(According to the Broemser-Ranke formula)

p = 1.07.
20. Mean ejection velocity............ i
1T

21. Effective peripheral resistance...W

P

W= —
i

. A W Py - Py P s'
Also, as required, we calculated T S, <> = and 5"

Investigation of the correlation between these measured and calculated



Fig.la, b Schematic Representation of Various Factors
of Aortic a) and Femoral b) Pulse Wave

quantities from the viewpoint of the present work proceeded by studying the

correlation coefficients between the quantities:

P
1) A~C; 2) A~cS; 3) A~ u)x~%; 5) W~ Pa;
1
B, - P P
6 [ d ~ 2
) P, - P P

II. EXPERIMENTAL RESULTS

Table 1, for illustrative purposes, gives one each of these measured and
calculated values for the dog and the rabbit, always expressed in CGS units. It
is hardly necessary to mention that P;, Py, the arterial pressure, and the circu-
lation are all increased by the administration of adrenaline. The value of ¢
is also increased, but T' is decreased, and consequently A = ¢T' is not too
greatly increased and may even show a tendency to decrease. The administration
of acetylcholine, in contrast, decreases P, , Py and the arterial pressure, while

T? increases, so that A does not decrease very much and may even, in many cases,

8



vincrease.

Section of the vagus nerve increases P, and P; and decreases c. The value
of T" has a tendency to increase, but no very marked effect on A was noted.
Stimulation of the central end of the vagus nerve,ﬂdepending on the stimulation
conditions used, may either raise or lower the blood pressure, and the changes
in ¢, 7" and A may also be either up or down. It is obvious that stimulation
of the peripheral end of the vagus nerve induces marked brachycardia and a fall
in blood pressure. No major changes in ¢, T' or A were noted. Stimulation of
the n. depressor cordis had an extremely depressing effect on the blood /136
pressure, but there was not much change in ¢, T' or A.

Tension on the lower limb increased both P, and Py, but no change in the
tendency of ¢, T' and A to hold constant was noted. Asphyxia in general in-
creased the blood pressure, but no change in the constant values of ¢, T' or A
was noted. Bloodletting decreased the blood pressure while c decreased, T in-
creased, and A had a tendency to decrease. For the other factors, this type of
treatment either modified the tendencies to constant values or caused the ap-
pearance of changes of indeterminate kind. Since it is not the object of this
paper to report on them, we shall confine ourselves to giving the actual values
for two typical examples in Table 1.

The relationship between these several quantities occupies the focal /L2
point of interest of this study; in order to contribute to the investigation of
the relationships postulated in the past on the basis of critical discussion of
theories on the fundamental vibration, and of dynamic models as well, we se-
lected the following factors and subjected the correlations between them to

: W Pz Py~ Py
th i i tigation: (A ~ A~ A~ W, A~ W~
mathematical investigation: ( C, cS, ’ - S )

~ i? ). We also calculated the regression lines. Figures 2a to Fig.3f give
1

~




examples of each measured value by means of a graph, while Table 2 gives the

calculated values. All that has been done here is to investigate whether or

not the relationship between two quantities, expressed either by a correlation

coefficient or by a regression line, is linear. Thus, no accurate judgment can

be formulated on this basis, although we do believe that there can be no ques-

tion but that consideration within the framework of the method of least squares

will provide a clue.

TABLE la /136
THE VARIOUS FACTORS OF THE ARTERIAL PULSE COF RABBITS
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TABIE 1b

THE VARIOUS FACTORS CF THE ARTERIAL PULSE OF DOGS
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ITI. DISCUSSION

The most logical thesis in the dynamic theory of the fundamental vibration
is to be found in the vibration theory first advanced by Frank, which is based
on the existence of a standing wave, as more particularly demonstrated by
Hamilton and Dow (Bibl.10), and which appears to become more and more entrenched.
Indeed, by following this theory in practice, and taking 1/2 A [Frank (Bibl.8)]
or 1/4 A [Wezler and Boger (Bibl.23)] as the effective length of the air chamber
of a blood vessel, a dynamical application of the circulation rate is now in
practice supplied. Broemser (Bibl.5) derived the period of this vibration from
the dynamical theory and argues in favor of its correlation with the peripheral
resistance. According to him, this period becomes shorter with increasing
peripheral resistance. However, the dynamical model taken by Broemser (Bibl.l)
as his theoretical foundation is certainly an object of the vibration theory
- something in the nature of a concentration network, so to say. It is not an
object of wave-motion theory, nor something in the theory of distribution-
constant networks. In this connection, Hatakeyama (Bibl.ll), in applying the
theory of vibrations in an elastic tube to the pulse wave, reports that the
wavelength may vary within a range of a factor of 2 with changes in the peri-
pheral resistance. According to the conventional dynamical theory, the wave-
length of a vibration in a closed tube, i.e., in a tube closed at both ends, is
twice the length of the tube, and in an open tube, i.e., in a tube closed at
one end and open at the other end, the wavelength of a vibration is four times
the tube length. Frank (Bibl.8) adooted the former proposition, while Wezler
and Boger accepted the latter. However, as will be easily understood from the
example of a wind instrument, a tube, even though it may be called a closed

tube, will at some point not stop the flow of air; since the impedance will
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vary with the size of the opening and the length of the tube, the wavelength,
though it may not be twice the tube length, may also take a value other than
four times that length (Bibl.13). Hatakeyama emphasizes this point and shows
that, in a vascular system closely resembling a closed tube (for instance, the
system of major arteries in the upper extremities), the wavelength increases
with the resistance and that Broemser's theory, postulating that the wavelength
decreases with increasing resistance, is not necessarily true (Bibl.l1l). Wezler
et al. (Bibl.21, 23), based on the simple consideration that an increase in
peripheral vascular resistance, because of contraction of the blood vessels,
would decrease the size of the thick portions of the blood vessels, still be-
lieve that an increase in resistance would decrease the wavelength, in disagree-
ment with Hatakeyamat's position.

Hatakeyama experimentally investigated this point on several examples. He
stated that there are various cases of vibration in the aorta and that, depend-
ing on the animal, there are marked individual differences and variations by
factors that at most can reach 2. To be sure, Wetterer and Deppe (Bibl.17, 18)
give figures in their research reports showing that A may vary by a factor of 2
in the very same individual. Recently, however, Kapal, Martini and Wetterer
(Bibl.14) and Bleichert, Lezgus and Martini (Bibl.3), in discussing the rela-
tionship of A and the blood-vessel length for the fundamental vibration of the
pulse wave in the human femoral and radial arteries, investigated the position
of the loops and nodes of the vibration and reported no extreme variation.

Now, according to the experimental results of the present author, A may un-
doubtedly vary considerably, even in the same individual. For example, in the
rabbit, the ratio of the maximum to minimum A in the same individual was 2.60,

2.96, 1.62, etc., and in the dog it was 2.02, 3.14, 1.89 and so on. This is a
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range of variation for A by a factor of more than 2. The calculated values
of A, however, were here obtained by multiplying the period of the fundamental
vibration T' by the pulse wave transmission velocity c, measured by a certain
fixed method. Strictly speaking, since the transmission rate might vary with
the location of the blood vessel, the position of the wave in the segment of
the blood vessel cannot be exactly specified from the value of this A. However,
since the factors, for the most part, are no doubt entirely suited to their
purpose, a comparison of this A with the anatomic length of the aorta L indi-
cates that on the whole it was valid within the range from 2L to 41, not being
very much shorter than 2L nor very much longer than LL. From the viewpoint of
wave-motion theory, this statement is almost free of contradiction. A yav)
glance at the measured and calculated values indicates that the transmission
velocity is extremely variable. In some cases, the ratio of its maximum to its
minimum is as high as 6, which is greater than the corresponding ratio for A.
However, if the period of the fundamental vibration is also governed by factors
other than the intravascular vibration, for the above causes, then it would be
possible for A to vary substantially with ¢. In fact, a study of the correla-
tion between A and c does show a positive correlation of 0.79 according to the
experimental results. In some cases, however, it is below 0.3, so that no un-
qualified conclusion can be drawn, and, for instance from the wave-motion theory,
the correlation between the elastic elements of the blood vessels cannot be
neglected in the determination of wavelength.

As stated above, according to the wave-motion theory there should be a
close relationship between peripheral resistance and wavelength. However, it
is difficult to express the peripheral resistance, as such, quantitatively and

accurately. Moreover, a kind of ejection-point impedance would be obtained by
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an accurate measurement of the so-called effective peripheral resistance (mean
blood pressure versus mean flow velocity), and since nothing is known on the
distribution of the resistance at each position of the blood vessel, the situa-
tion grows more and more complicated. Consequently, there are many questionable
points relative to the values of W that I have calculated. For example, W has
the meaning of overall effective peripheral resistance, and in order to calcu-
late it accurately it is necessary to measure accurately the mean flow velocity,
and consequently to measure accurately the cardiac output. However, it is ex-
tremely difficult to make accurate measurements of the cardiac output, especial-
ly the cardidc output for a single stroke. Wetterer and Deppe (Bibl.1l8) made
continuous recordings of the circulation flow curve or velocity curve in the
primitive aorta, using a magnetic flowmeter, thus directly measuring the cardiac
stroke volume. But even by using such a high-confidence method, these authors
were unable to measure the blood flow entering the system of coronary blood
vessels and wound up with negative loads, confusing the thoracotomy and the
other dynamic conditions. On the other hand, dynamic methods of measuring the
cardiac output, such as those used here, do have the advantage over chemical
methods that it is possible, from time to time and from instant to instant, to
measure the cardiac output for a single stroke, although the confidence level
may not be entirely satisfactory. But there were no other reliable methods that
one could use instead, and therefore I used these. There are many dynamic
methods besides those of Broemser-Ranke (Bibl.,) that were here employed:
Wezler and Boger (Bibl.23), Frank (Bibl.8), Bazett et al. (Bibl.2), Hamilton

et al. (Bibl.10, 16), Wetterer (Bibl.19), Recklinghausen (Bibl.15), and Hata-
keyama et al. (Bibl.12). While their confidence level is high, the operations

are complicated, and the amount of calculation reguired would have been entirely
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out of the question for this project. We believe that comparatively accurate
measurements can be obtained by the Broemser-Ranke method, considered both
theoretically [Hatakeyama (Bibl.12)] and experimentally [Wetterer and Deppe
(Bibl.16)].

Now, on investigating the relationship between A and W, we find cases of
positive correlation and others of negative correlation. In either case they
may run up to +0.21 with about £0.1. The correlation between these two quanti-
ties must therefore be termed unsubstantial. The causes are unknown. As al-
ready stated, the value of W is unstable. Since the arterial system of the
aorta exhibits considerable vibration at the branch points, it does not seem
reasonable that there should be no close correlation observable. Since, further,
the relationship between A and W in a theoretical model is complex, it cannot
be definitely asserted that there is no interrelation between them, even though
the linear correlation may be tenuous. Of course, it is not entirely clear
whether the theoretical results shown by a second-order partial differential
equation would not, by comparison, be preferable, but they are extremely complex
and since I felt them to be rather remote from practical problems I did not
examine them in detail.

Next in the theory of A varying with W, let some factor other than the
peripheral resistance be constant; for example, let c, etc., be constant. If
¢ varies, as will be clear from the Hatakeyama theoretical formula, then, since
W/c must be considered to be one variable, it would be more reasonable to in-
vestigate the relation between A and W/c. Thus when we investigate the corre-
lation between A and W/c, we find that while the corresponding correlation co-~
efficient is -0.576, we still cannot say, on the whole, that this correlation

is particularly high. Even in this case, however, since the relation between A

20



and W is not thought to be linear, the existence of a close correlation between
Ithe two quantities cannot be denied on the basis of these facts alone.

The effective length of the air chamber was first given as ¢S by Broemser,
but Aub (Bibl.l) later investigated this subject experimentally, and established
it at 0.5 ¢S for many animals. On the other hand, Wezler and Boger took the JAYNA
effective length as A/L, in contrast to Frank's earlier finding that it was \/2.
Thus, there is a great difference between the method of determining the cardiac
output given by Broemser and Ranke and that used by Wezler and Boger, which
implies the possibility of showing that the two methods yield very different
values, provided there is no close correlation between ¢S and A.

In view of this situation, an examination of the correlation coefficients
found by us between A and ¢S shows positive correlation in some cases, and
negative correlation in others, with a coefficient of correlation above 0.5 in
only a few cases. However, the fact that there are cases with a coefficient of
correlation below 0.2 as well as cases of negative correlation means that en-~
tirely separate figures should be used for treating cS and A.

In general, in any discussion of vibration, not only the period, wavelength
and amplitude are involved but also the degree of damping. If the fundamental
vibration is taken as a type of hypervibration, it should be possible to express
the degree of its damping by the ratioc between the first and second peaks.
Strictly speaking, of course, if we are concerned with the damping as an index
number, ordinary common sense would tell us to use the so-called logarithmic
damping decrement, but here, purely for convenience, we have adopted the ratio
P> /P, as our measure of the damping conditions. The first factor to be consid-
ered in connection with the damping is the peripheral resistance. If we do not

consider what the relationship with the loops and nodes of the standing-wave
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vibration of the region of the femoral artery might be, then it is reasonable
to suppose, as Broemser has shown, that as the peripheral resistance increases
the damping will decrease and P; /P, will approach 1. The fact that, in reality,
all the correlation coefficients between W and B, /P, are positive is not in-
consistent with this idea. However, if these values do not become excessively
great, it is difficult to expect these correlation coefficients to be accurate.
Considered within the framework of the wave-motion theory, the fact that P; /P
increases with W is connected with the fact that, as W increases, the measured
portion of the femoral artery would approach the vibration loop, so that there
should be a negative correlation between A and W. Nevertheless, as we stated
at the beginning of this discussion, these cases are not necessarily confined
to negative correlations, and thus this point need not be overemphasized.

Passing now to the correlation between the ratio of the amplitudes of the
pressure vibrations in the aorta and femoral artery and the ratio P;/P;, the
same point is noted. Some correlation coefficients are positive, others nega-
tive, and in some cases the absolute values of the correlation coefficients are
less than 0O.l. Nevertheless, one cannot say per se that an increase in ampli-
tude of the vibration region of the femoral artery is parallel to a marked
fundamental vibration.

The view that it is the ejection of blood from the heart that promotes the
fundamental vibration has been advanced and discussed above. Another explana-
tion given in the past is that the second peak or dicrotic rise is a reaction
to the closing of the semilunar valves [Wiggers et al. (Bibl.24)]. 1If this is
S0, then the period S' between the trough of the fundamental vibration of the
femoral artery, i.e., the incisure, and the initial part of the pulse wave

would have to be almost identical with S. Thus, S'/S would have to be practi-
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cally equai to 1. The values actually measured, however, range from 0.7 to 2

in both rabbit and dog, and in some cases even reach 4, so that S' can definite~
ly not be considered as being substantially the same as S, in value.

| Wehn (Bibl.20) holds that the vibration amplitude of the peripheral arteri-
al blood pressure is at least twice that of the central arterial blood pressure,
and that the reaction of the organism to this and other causes might give rise
to the vibration of blood pressure; but our own measurements show no examples

of such phenomena. If we consider the accuracy of measurement and the complexi-
ty of the vascular system, we cannot here argue for the agreement or disagree-
ment of the refined figures, and it must, in particular, be considered that the
blood is ejected from the heart during the systolic period and that, consequent-
ly, there must be a close relationship between the form of the blood-pressure
wave during this period and the properties of the myocardium. For the funda-
mental vibration period to be a proper object of vibration theory study by the
methods used in the present work, the ejection of the blood would have to obey
a square law. Unless it does, the summit of the first peak due to the ejection
pattern of the blood during the systole must vary. This was the analysis given
long ago by Frank (Bibl.8), and later by Wetterer (Bibl.19), to the effect that
the first peak due to the blood ejection pattern might occur either earlier or
later than the ideal pattern. later, with respect to the second peak, the
blood is continuously ejected in the same way, obeying a square law. In com-
parison with this pattern, after the closing of the aortal valves, the blood
ejection pattern drops to zero, so that it cannot be considered to be simply
the second wave of the after-vibration. It can easily be shown, even in model
experiments, that in general the second peak has an actual vibration which leads

that anticipated from the ideal vibration pattern. Consequently, the theory

23



‘mentioned at the very beginning will be supported as compared with the view
that, on variation of L within the interval of 2 to L4 times, C varies rela- /145
tively little. In essence, the former theory states that the fundamental vi-
bration is excited by the ejection of blood from tbg heart. However, A, as
considered by many investigators up to now, is not a fixed quantity but may
vary by a factor of 2 or more, and the dynamic model must be considered to be
sometimes that of an open tube, sometimes that of a closed tube, and sometimes
intermediate between these. In the case of animal experiments, however, very
great changes in the condition of the circulatory system can be obtained by the
application of very great loads to it; in experiments on human subjects, such
as those performed by Kapal, Martini and Wetterer (Bibl.l4) and by Bleichert,
Lezgus and Martini (Bibl.3), since it was impossible to produce extreme changes,
the relationships found for A were practically constant.

The blood vessels of the arm, considered as an open tube opening into the
wide cavity represented by the aorta, would likewise be expected not to show
extreme changes in A, since the distribution of peripheral resistance is not too
complex. Yet Wezler et al. (Bibl.21) have shown that cooling of the hand and
similar treatment induces substantial changes in the A of the pulse wave of the
brachial artery, and Wezler et al. (Bibl.22) have also found that the ratio of
the A of the pulse wave of the brachial artery to the length of the blood vessel
decreases with increasing age of the subject. The latter fact cannot be ex-
plained by the change in the actual length of the blood vessels which many re-
searchers believe to occur, since actually, with increasing diameter of the
blood vessel and thus with decreasing peripheral resistance, A is said to de-
crease; this can be explained instead by an approach from the closed tube system

to the open tube system.



IV. CONCLUSIONS

To investigate the causes of the fundamental vibration of the arterial
pulse wave, the correlations between the following pairs of elements of the

blood-pressure curves for the aorta and femoral artery of the dog and rabbit

were determined:

1) A~c; 2) A~eS; 3) A~ L) A~ -
P, Pe- Py Py
W~ 2 ~
5) Pl ’ 6) P'| - P'. Pl

where
¢ = transmission velocity of the aortal wave;

A = wavelength of the fundamental vibration;
S = duration of the aortic systole;
W = effective peripheral resistance;
P, and P, = the systolic pressures in the aorta and femoral artery, re-
spectively;
Ps and Py = the diastolic pressures in the aorta and femoral arteries,
respectively;
P and P, are given in Fig.l (which see).

As a result we have learned that the fundamental vibration is caused pri-
marily by the vibration accompanying the ejection of blood from the heart into
the arterial system, and that its wavelength varies greatly with the pattern of
such ejection and with the dynamical state of the vascular system. Various
theories heretofore advanced which give the effective length of the air chamber
as the basic cause of this phenomenon are critically examined.

We express our profound gratitude to Professor Ippei Hatakeyama for his
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